INTRODUCTION
The development of high-throughput methodologies, as epitomized by microarray technologies, has led to the rapid generation of large-scale datasets about RNA transcripts or proteins. While in the past biologists studied single genes at a time, now we can use high-throughput technologies to analyze tens of thousands of genes simultaneously. The nature of high throughput technologies requires that bioinformatics tools focus on 'gene sets' instead of 'single genes'. For example, microarray and proteome technologies are producing sets of genes and proteins that are differentially expressed under certain conditions, or sets of genes and proteins that are co-expressed under varying conditions. Other studies such as quantitative trait analysis, large-scale mutagenesis studies, and other large-scale genetic studies are also producing sets of interesting genes. Translating the identified gene sets into a better understanding of the underlying biological processes constitutes a huge challenge for today's biologists. Even retrieving the associated functional information for large gene sets can be time-consuming. Further manipulating, visualizing, and statistically analyzing the interrelated data can involve complex processes for an average biologist. Without the assistance of appropriate bioinformatics tools, exploring the gene sets to discover important patterns is not a trivial task for biologists.
Traditional resources that are available for retrieving functional information, such as the LocusLink from NCBI (National Center for Biotechnology Information, http://www.ncbi.nlm. nih.gov/LocusLink/), are typically displayed in a one-geneat-a-time format (1) . A newer generation of resources has been created to facilitate batch information retrieval for sets of genes (2) (3) (4) . One such example is ENSMART (http://www. ensembl.org/Multi/martview), in which the users can perform a genome information search and retrieval for sets of genes in human and several other eukaryotic species (3). ENSMART covers a broad spectrum of functional information pertaining to gene-and protein-specific attributes as well as disease, expression, sequence variation and cross-species attributes. Despite being an excellent batch information retrieval tool, ENSMART does not help biologists in efficiently exploring the abundant information associated with a gene set.
One way to help biologists in exploring large gene sets is to organize the genes based on common functional features, such as Gene Ontology (GO) (5) The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org pathways. Several bioinformatics tools have been developed for organizing sets of genes based on GO (6) (7) (8) (9) (10) . Most of these tools have also implemented statistical tests to identify enriched GO categories and to suggest the most important biological areas associated with a given gene set. Although the use of ontological methods to structure biological knowledge is an active area of research and development, the body of biological knowledge associated with any gene set extends far beyond GO. In addition to organizing gene sets within the context of GO, MAPPFinder (11), DAVID (12) and GFINDer (13) provide the option of organizing and visualizing gene sets within the context of KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.genome.ad.jp/kegg) biochemical pathways (14) . DAVID and GFINDer can also organize gene sets based on protein domain information. Other features, such as chromosome location, tissue expression pattern and association in publication, could also be used to organize a gene set. However, these features are not implemented in the current gene set analysis tools.
Although methods of gene organization help biologists explore large gene sets, they frequently generate complex results with hundreds of categories. Information visualization enables people to deal with the overwhelming amount of information associated with a gene set by taking advantage of our innate visual perception capabilities. Visual methods are useful in displaying data in ways that capitalize upon the particular strengths of human pattern processing abilities (15) . Information visualization techniques have been successfully used in many areas of bioinformatics, including molecular structures, expression profile, genome and sequence annotation, sequence analysis, molecular pathway, ontology, taxonomy and phylogeny (16) . Application of information visualization techniques in gene set analysis will not only help the visualization of large amount of information, but also facilitate data mining by aiding recognition of patterns and trends.
Besides information retrieval, organization, statistical analysis and visualization, management of large gene sets presents additional challenges for biologists. Bioinformatics tools are needed to create subsets of genes from a gene set based on different criteria, such as GO categories, biochemical pathways or chromosome location ranges. Tools are also needed to perform Boolean operations and generate the unions, intersections and differences between gene sets. Boolean operations could help to reveal the interrelationship among different gene sets.
In response to these challenges, we have developed WebGestalt (WEB-based GEne SeT AnaLysis Toolkit), an integrated data mining system for the management, information retrieval, organization, visualization and statistical analysis of large sets of genes.
METHODS

Database: GeneKeyDB
WebGestalt is based on an ORACLE relational database, GeneKeyDB. This database has used a strong gene and protein centric viewpoint. Gene and gene product information is primarily taken from NCBI LocusLink, Ensembl, SwissProt, HomoloGene, Unigene, CGAP, UCSC, GO Consortium, KEGG, BioCarta and Affymetrix. As a consequence of the transition from LocusLink to Entrez Gene from NCBI, we are currently migrating from the LocusLink data to the Entrez Gene data. Updating of GeneKeyDB is automated by preprepared scripts. The Schema and dictionary of GeneKeyDB are available from http://genereg.ornl.gov/gkdb. More details of GeneKeyDB are available from (17) . Figure 1 depicts the schematic overview of WebGestalt. WebGestalt is composed of four modules: gene set management, information retrieval, organization/visualization and statistics. The gene set management module receives gene sets submitted by the users. Received gene sets can be saved, retrieved and deleted. Boolean operations are also provided by this module to generate the unions, intersections or differences between gene sets. The information retrieval module currently retrieves information for up to 20 attributes through our local database GeneKeyDB for the received gene sets. The organization/visualization module helps the users to explore efficiently the retrieved information in various biological contexts, using eight sub-modules: GO Tree, KEGG Gene set management module. The gene set management module accepts gene sets submitted by files, by GO categories or by chromosome location ranges. The input file should be a plain text file, including the appropriate IDs (required) and corresponding microarray ratios or other values (optional), separated by tabs in the format of one ID per row. Gene identifiers that can be recognized are Entrez Gene IDs, Swiss-Prot IDs, Ensembl IDs, Unigene IDs, gene symbols and Affymetrix probe set IDs. WebGestalt works currently with human and mouse. More organisms will be added in the future. A unique analysis name is given for each gene set by the user and can be used to retrieve or delete the gene set in the future. Sub-sets of genes can be generated from an existing gene set through the organization/visualization module and saved as new gene sets through the management module. The management module also performs Boolean operations to generate the union, intersection and difference between two existing gene sets. Recursively applying these Boolean operations makes it possible to combine information from more than two sets of genes. Orthologs can be retrieved for a gene set using the management module. The orthologs are defined by HomoloGene from NCBI (http://www.ncbi.nlm.nih.gov/ entrez/query.fcgi?db=homologene). Inclusion of orthologous information could assist in comparative genomics studies.
WebGestalt modules
Information retrieval module. The information retrieval module provides rapid access to the existing information for all genes in a gene set. The attributes that can be retrieved include nomenclature, identifiers to different databases, map and functional information. Table 1 lists all of the 20 attributes, their sources and associated websites. Retrieved information for all genes in a gene set can be downloaded as a tab-delimited file or opened directly in the web browser using Microsoft Excel.
Organization/visualization module. While the information retrieval module provides quick and easy information retrieval for large sets of genes and generates files that can be easily parsed and further utilized by other computational tools, it does not help biologists in exploring information associated with the gene sets. The organization/visualization module in WebGestalt is intended to assist biologists in exploring large gene sets by organizing and visualizing the genes in various biological contexts.
(i) GO Tree. The GO Tree is based on our published tool GO Tree Machine, which was described in detail in (9) . The GO Tree organizes a gene set based on the GO DAG (Directed Acyclic Graph), and has implemented several visualizations, including an expandable tree, a bar chart at selected annotation level and an enriched DAG. The expandable tree is suitable for exploring interactively the structure of GO. After exploring the expandable tree, the user may pick appropriate annotation levels to generate corresponding bar charts that are appropriate for publications and presentations. the category. Suppose that we have n genes in the interesting gene set (A) and m genes in the reference gene set (B). Suppose further that there are k genes in A and j genes in B that are in a given category (C) (e.g. a GO category, a KEGG pathway, a BioCarta pathway etc.). Based on the reference gene set, the expected value of k would be k e = (n/m)* j. If k exceeds the above expected value, category C is said to be enriched, with a ratio of enrichment (r) given by r = k/k e . If B represents the population from which the genes in A are drawn, WebGestalt uses the hypergeometric test to evaluate the significance of enrichment for category C in gene set A,
If A and B are two independent gene sets, WebGestalt uses Fisher's exact test instead,
The users can select different significance levels for the statistical analysis. The users can also specify the minimum number of genes in a significant category. For example, categories with only one gene might be statistically enriched, but they might not be in the user's interest.
The hypergeometric test is also used for the evaluation of the over/under-representation of individual genes in a selected tissue type. Suppose that we have d EST sequences for a selected gene in all tissues and b EST sequences for all genes in all tissues. Suppose further that there are c EST sequences for the selected gene in a selected tissue and a EST sequences for all genes in the tissue. If c > (d/b)* a, we consider that the gene is over-represented in the tissue, and the P-value indicating the significance of overrepresentation is calculated by this formula:
If c < (d/b)*a, we consider that the gene is under-represented in the tissue, and the P-value indicating the significance of under-representation is calculated using this formula:
User interface
All of the above tools in WebGestalt can be accessed through a simple and intuitive user interface (Supplementary Figure S1) . The interface can be divided into five areas. Area A provides gene set management tools for uploading, retrieving, deleting, 
Implementation
WebGestalt is implemented in PHP. Gene set management, information retrieval and organization are mainly accomplished by querying the GeneKeyDB database. The expandable GO Tree is generated using the PHP Layers Menu System (http://phplayersmenu.sourceforge.net/). The bar chart for the GO organization, the tissue expression bar chart and the chromosome distribution chart are all generated by ChartDirector (http://www.advsofteng.com/index.html). The DAG for enriched GO categories is created using Graphviz (http:// www.research.att.com/sw/tools/graphviz/). Genes on the KEGG map are highlighted using the KEGG Applications Programming Interface (API) (http://www.genome.ad.jp/ kegg/soap/). WebGestalt is accessible through IE5.0 or higher, Netscape 7.0 or higher, Safari and Firefox from multiple platforms. WebGestalt can be accessed from the website http://genereg.ornl.gov/webgestalt/. A detailed manual can be downloaded from http://genereg.ornl.gov/webgestalt/ WebGestalt_Manual.pdf.
RESULTS
In order to demonstrate the use of WebGestalt, we have generated 48 gene sets with genes over-represented in various human tissue types. These gene sets were generated based on the gene expression data from the publicly available human EST database (CGAP, http://cgap.nci.nih.gov/), the same data we used for creating the Tissue Expression Bar Chart. The tissue type is defined by CGAP. We did not separate different histological types. As described in the methods, we performed hypergeometric tests to identify tissue-enriched genes for each tissue type based on the EST representation profile. As we were doing multiple tests simultaneously, we considered a gene was over-represented in a select tissue if the P-value was <0.01 after the Bonferroni adjustment. To simplify, we will call these genes 'tissue-enriched genes'. No tissue-enriched gene was found in adrenal medulla. It was probably due to the small number of available ESTs in this tissue type. An average of 190 tissueenriched genes was identified for each of the other 48 tissue types, ranging from 6 in synovium to 817 in brain. All these 48 gene sets were uploaded to WebGestalt for exploration. Some sample results from the GO Tree analysis, KEGG pathway mapping and chromosome distribution analysis will be presented in this paper. Complete exploration of all the 48 gene sets using all available tools in WebGestalt is available for the public through this URL: http://genereg.ornl.gov/webgestalt/wg_ enrich.php. An example will be given for the GO Tree analysis using the set of 23 genes that are significantly over-represented in adrenal cortex. WebGestalt was able to found GO annotations for 21 out of the 23 genes. Nineteen GO categories were found to have enriched gene numbers using all genes in the human genome as a reference. Ten categories were under 'biological process', six were under 'molecular function' and three were under 'cellular component'. Figure 2 is an enriched DAG for the 10 categories under 'biological process'. An enriched DAG shows GO categories with enriched gene numbers (in red) and their non-enriched parents. Most of the enriched GO categories identified for this gene set were closely related to the function of adrenal cortex. The most significant category was 'C21-steroid hormone biosyntheses', which gives a P-value of 4.22 · 10
À9
. Similarly, GO Tree analysis was able to identify the most important functional areas for other tissue types. For example, the most significant category under 'biological process' for adipose is 'lipid metabolism' (P = 3.40 · 10
À6
), for cerebrum is 'transmission of nerve impulse' (P = 3.33 · 10
À19
), for ear is 'perception of sound' (P = 1.70 · 10
À9
), for heart is 'muscle contraction' (P = 2.00 · 10
À22
), for lymph node is 'defense response'(P = 1.40 · 10
À26
), for retina is 'sensory perception of light' (P = 3.57 · 10
À44
) and for testis is 'sexual reproduction' (P = 1.35 · 10
À21
). For the same gene set, the KEGG Table in WebGestalt reveals 18 KEGG pathways that involve genes overrepresented in adrenal cortex. The 'C21-Steroid Hormone Metabolism' pathway was found to have enriched gene numbers (P = 3.09 · 10 À8 ) using all genes in the human genome as a reference. This result is consistent with the GO Tree analysis. Three genes, CYP17A1, CYP21A2 and HSD3B2, were mapped to and highlighted on the 'C21-Steroid Hormone Metabolism' pathway using the KEGG Map in WebGestalt.
The Chromosome Distribution Chart was used to show the distribution of the set of 208 pancreas genes on the human chromosome. Several clusters of pancreas-enriched genes can be seen from the chart. For example, 18 out of the 208 genes are found to be located within 2.54M on chromosome 19, which is a >20 times of enrichment comparing with the background distribution (75 out of the 17 435 physically located genes were found in this region). Clustering of tissue-enriched genes on the chromosome was also found in other tissue types. Although the Chromosome Distribution Chart may help us to identify these important patterns, statistical analysis is needed to evaluate the significance. We are working on the statistically evaluation of local gene enrichment for a given gene set.
DISCUSSION
WebGestalt is designed for genomic, gene expression, proteomic and large-scale genetic studies from which high-throughput datasets are generated. Complementing and extending the functionality of similar data mining tools, WebGestalt provides a unique online resource for the management, information retrieval, organization, visualization and statistical analysis of sets of genes. The major advantages of WebGestalt compared with similar existing tools include: (i) the ability to retrieve more information for all genes in a gene set; (ii) more ways to organize a gene set; (iii) appropriate visualization for each organization; (iv) assistance in choosing appropriate statistical tests; (v) a simple and intuitive user interface; and (vi) Boolean operations on selected gene sets.
Functional features, such as GO (6-13), KEGG pathway (11-13) and PFAM domains (12, 13) , have been used to organize and help exploring gene sets. WebGestalt has added several new features for gene set organization, including tissue expression pattern, chromosome location and co-occurrence in publications. Their potential uses will be discussed below.
The Tissue Expression Bar Chart is especially useful in candidate gene identification for genetic experiments. For example, the critical interval identified from the QTL (Quantitative Trait Loci) analysis will be between 0.5 and 10 cM, with the number of genes anywhere between 5 and 300 (20) . It has been shown that it is possible to identify plausible candidate genes for human multiple congenital anomaly syndromes by systematically using data on murine gene expression patterns (21) . The tissue expression pattern of the genes in an interval can be easily analyzed and visualized using the Tissue Expression Bar Chart in WebGestalt. The sub-set of genes expressed in certain tissue types can be saved as new gene sets and analyzed by other modules in WebGestalt, such as the GO Tree to further prioritize the genes for mutation analyses. The current Tissue Expression Bar Chart is based on the gene expression data from the CGAP EST project (18) . Microarray data on the tissuespecific pattern of mRNA expression are recently available for a panel of 79 human and 61 mouse tissues (22) . Massively Parallel Signature Sequencing data on different mouse tissue types are also available from the Mouse Transcriptome Project (http://www.ncbi.nlm.nih.gov/genome/guide/mouse/ MouseTranscriptome.html). We are considering adding these and other large datasets to WebGestalt.
The Chromosome Distribution Chart can help to identify clustered genes from a gene set. Tight clustering of co-expressed genes on the chromosomes is common in prokaryotes (23) . In eukaryotes, it is typically assumed that genes are randomly distributed. Nonetheless, recent studies in yeast (24) , worm (25) , fly (19, 26) , mouse (27) and human (28, 29) suggest that gene location might not be random. For example, among the 1661 testes-specific genes identified in Drosophila, one-third are clustered on chromosomes (19) . Testis-specific clustering of genes on chromosomes has also been found in mouse (27) . Although tissue-specific clustering of genes on chromosomes has not been found in human, Lercher et al. (29) have shown that housekeeping genes are strongly clustered in human. Since the Chromosome Distribution Chart organizes genes in a gene set based on their chromosome location, clustered genes can easily be visualized. Statistical methods are being developed and will be added in the statistics module for the identification of local gene enrichment on the chromosome.
Bioinformatics tools based on literature profiling have been developed by a few groups to assist biologists in the interpretation of sets of interesting genes (30-32). Jenssen et al. (30) have constructed a gene network from the co-occurrence of gene symbols or short gene names in the title or the abstract of a common article record. They also demonstrated that literature co-occurrence associated biologically related genes, which suggests the value of organizing genes based on the co-occurrence in publications. In WebGestalt, instead of constructing a gene-publication index de novo, we used the indices available from the LocusLink database and organized the genes in a gene set using the PubMed Table and the GRIF  Table. The PubMed table provides better coverage but with less specificity, while the GRIF table provides less coverage but better functional specificity.
Another feature of WebGestalt is the Boolean operations on existing gene sets. It will help to answer simple questions such as: 'show me all genes identified through experiment A or experiment B' (union), 'show me the genes that are consistently up-regulated in both of two microarray experiments' (intersection) or 'show me the genes that are expressed in brain but not skin' (difference). Recursively applying the Boolean operation makes it possible to combine information from any number of gene sets. Putting the organization module and the management module together, WebGestalt is able to answer complex questions such as 'give me all genes in my gene set that are expressed in the brain or cerebellum, located on chromosome 5 and involved in signal transduction'.
WebGestalt incorporates information from different public resources, provides tools for the management, information retrieval, organization, visualization and statistical analysis of gene sets. The simple and intuitive, web-based interface provides experimental biologists easy access to the tool kit. Moreover, the modules in WebGestalt can be easily used by third-party applications. For example, WebGestalt has been implemented in WebQTL (http://www.webqtl.org), which is a unique service that allows biologists to rapidly identify and map genes and QTL (33) . The WebGestalt modules are used to analyze sets of genes that are highly correlated with various phenotypes in WebQTL. We are working on an API to allow easy access of the WebGestalt modules from any third-party applications.
